I. INTRODUCTION
The analysis of the Λ 0 b → J/ψK − p reaction of LHCb and the interpretation of the J/ψp spectrum in terms of the two pentaquark states, P c (4380) and P c (4450) [1, 2] has stirred a wave of theoretical work trying to understand the nature of the states. Prior to the experiment there were predictions based on molecular states of thē DΣ c −DΛ c andD * Σ c −D * Λ c nature [3, 4] . These would be hidden charm molecular states, and in the case of D * Σ c −D * Λ c a state with spin-parity J P = 3/2 − appears with mass similar to the P c (4450). These two systems, studied within coupled channels, couple also to η c N in the first case and to J/ψN in the second one, the channel where the P c (4450) state was observed. The works of Refs. [3, 4] stimulated further research with this type of molecular states, studied with different dynamics in Refs. [5] [6] [7] [8] [9] , or quark models [10] , all them prior to the LHCb experiment. After the experimental observation many ideas have been proposed to interprete the nature of those pentaquark states. Molecular states coming from the interaction of meson-baryon have been suggested [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Pentaquark structures of type diquark-diquarkantiquark nature have also been proposed [28, 29] . Other different quark rearrangements have been suggested [30] [31] [32] [33] , as well as QCD sum rules [34, 35] , and new methods of production in different reactions have also been investigated [36] [37] [38] [39] [40] [41] [42] [43] [44] . The properties of these hidden charm states in light quark matter have also been studied in Ref. [45] . Reviews on the subject have also been written * Electronic address: xiejujun@impcas.ac.cn † Electronic address: liangwh@gxnu.edu.cn ‡ Electronic address: oset@ific.uv.es with detailed discussion of different works and ideas in Refs. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] .
A suggestion to explain the P c (4450) peak as a manifestation of a triangle singularity [56, 57] was shown in Ref. [58] to be unable to explain the experimental feature with the preferred quantum numbers of the experiment 3/2 − or 5/2 + . Prior also to the experimental measurement of the Λ 0 b → J/ψK − p reaction [1, 2] , a theoretical study was done in Ref. [59] , where it was shown that the K − p was produced in isospin I = 0 (as was later on corroborated by experiment) and also the invariant K − p mass distribution in s-wave (related to the Λ(1405) production) and the invariant πΣ mass distribution in the related Λ 0 b → J/ψπΣ reaction, were studied. The experimental analysis of the Λ 0 b → J/ψK − p reaction [1, 2] also showed the contribution of the K − p mass distribution from the Λ(1405), which was in qualitative agreement with the one found in Ref. [59] . After the experiment was done, the consistency of the strength of the peak of the P c (4450) and the K − p strength coming from the Λ(1405), were shown to be consistent with the findings of Refs. [3, 4] should the quantum number be 1/2 − [12] , but this was generalized to other quantum numbers in Ref. [60] . Incidentally, in this latter work it was shown that, based on the J/ψp and K − p mass distributions alone, one could not determine the spin and parity of the states, nor the need for the wide P c (4380) state, which means that angular distributions and polarizations information must be the elements helping determining these quantum numbers in the experimental analysis.
In the present work we pay attention to the reaction of Λ 0 b → η c K − p, which is under analysis by the LHCb collaboration [61] and make predictions for the η c p and K − p mass distributions. Simultaneously, we also study
reaction and make predictions for the πΣ mass distribution which shows the Λ(1405) shape. We use the predictions made for theDΣ c −DΛ c and coupled channels in Refs. [3, 4] and can relate the πΣ mass distribution with those of η c p and K − p. The interesting thing is that a clear peak emerges in the η c p mass distribution due to a 1/2 − dynamically generated state, mostly forDΣ c , which couples relatively strongly to the η c p channel. The predictions done here should be of much use to guide experimental search and to get relevant conclusion from a comparison with experiment when this is finished.
This article is organized as follows. In Sec. II, we present the theoretical formalism of the decay of Λ 0 b → η c K − p, explaining in detail the hadronization and final state interactions of the η c p and K − p pairs. Numerical results and discussions are presented in Sec. III, followed by a summary in the last section.
II. FORMALISM
Following Ref. [59] we write the first step in the Λ We must now proceed to produce K − p from the sud cluster of the final state and we are interested in K − p in s-wave, which is what couples to the Λ(1405), the dominant term close to the K − p threshold, as shown in the experimental analysis of the Λ 0 b → J/ψK − p reaction [1, 2] . Since K − p in s-wave has negative parity and the u, d quarks are spectators, the s quark must be produced in orbital angular momentum L = 1 in the diagram of Fig. 1 . Yet, since finally in K − p all quarks are in the ground state, the hadronization, introducing apair with the quantum number of the vacuum, must involve the s quark to bring it back to the ground state. This is shown in Fig. 2 . The details of the hadronization are shown in Ref. [59] , with the resulting hadronic structure |H > given by
As in Ref. [59] we neglect the η ′ Λ channel in our study since it has a much larger mass than ηΛ or K − p. We should note that the η c pK − final state can be produced in a different way as shown in Fig. 3 . The mechanism proceeds viacs production via external emission [65] followed by hadronization viaūu creation, producing Fig. 3 (a). TheD 0 Λ + c undergo final state interaction to produce η c p as shown in Fig. 3 (b) . Yet, this mechanism is much suppressed due to the fact that it involves the product of theD 0 Λ + c and η c p couplings to the resonance, R, that is found in Ref. [3, 4] . Indeed, these couplings are g R,DΛc = −0.08 + i0.06 and g R,ηcp = −0.94 + i0.03 compared to theDΣ c coupling of g R,DΣc = 2.96−i0. 21 . The mechanism that we study here to produce the hidden charm resonance, through rescattering of the η c p state has much larger strength than the mechanism of Fig. 3 and we disregard this latter one.
1 Note that the |ηΛ > and |η ′ Λ > terms have a different sign than in Ref. [59] . This is due to the fact that in Ref. [59] the prescription of Close [62] for the baryon states in terms of quarks was used. However, when using chiral Lagrangians, as we do here, one has to adhere to a different sign convention which is shown in Table III of the work [63] . The Λ, Σ + , and Ξ 0 states have opposite sign to those of Close [63, 64] .
The last step to generate the η c pK − involves final state interaction of the meson-baryon components of |H > in Eq. (1). This is depicted diagrammatically in Fig. 4 , where η c p and K − p final state interactions are considered.
In Fig. 4 we consider the final state interaction of η c p because there is a resonance R generated byDΣ c ,DΛ c , and η c N in Refs. [3, 4] and the η c N is one of the channels that has a relatively large coupling to this resonance. In Ref. [3] we find a state of I = 1/2, J P = 1/2 − , with
Then the transition matrix for Λ Fig. 4 is given by,
where h i is the weight of the production of the different meson-baryon states in Eq. (1),
In Eq. (3), G ηc p is the η c p loop function, which depends on the invariant mass M ηc p of the final η c p system, while G i (i = K − p,K 0 n, and ηΛ) denotes the mesonbaryon loop function, which depends on the invariant mass M K − p of the final K − p system. The factor V P is the strength of the tree level Λ 0 b → η c K − p, which is unknown in our approach. This means we will only look at invariant mass distributions relative to each other.
The amplitude t ηcp→ηcp is given by
and t i→K − p (i = K − p,K 0 n, and ηΛ) are the transition matrix elements evaluated with the chiral unitary approach in Ref. [66] . The t matrix is given in terms of the Bethe-Salpeter equation by
with V the transition potential evaluated from the chiral Lagrangians [67] and G the loop function for the intermediate meson-baryon states, which is the same appearing in Eq. (3). We use the same as in Ref. [66] with cut off regularization and a cut off, q max = 630 MeV. As for the G ηcp loop function we use the same as in Ref. [3] , which in this case is done using dimensional regularization with the scale parameter µ = 1000 MeV and the subtraction constant a µ = −2.3.
It is obvious that with the phase space available for K − p production one obtains a large range of invariant masses that accommodates the excitation of many Λ *
(see also the alternative analysis in Ref. [60] ). This means that in the K − p invariant mass distribution we aim at getting only the mass distribution close to K − p threshold in s-wave. The η c p interaction is OZI suppressed and it is only relevant close to the pole of R. Yet, since the Λ * excitation reverts into the η c p mass distribution, we will also pay not much attention to the strength of the background in η c p but to the strength of the peak.
The double mass differential width when one sums and averages the polarizations of the particles is given by [68] 
By integrating over M K − p in Eq. (7) we obtain dΓ/dM ηcp . The limits of integration are found in Ref. [68] . Similarly, we can obtain the limits of M ηcp when we fix M K − p . By integrating over M ηcp in Eq. (7) we obtain dΓ/dM K − p . In this way Eq. (7) 1), the η c πΣ states does not appear at tree level since it is not contained in |H >). The only way to get it is through final state interaction of the meson-baryon components of |H > in Eq. (1). This can be done with the mechanism shown in Fig. 4 (c) by replacing K − p with πΣ. Then we find
We can use the same formulas as before changing K − p by πΣ in the final state, and V P is the same as in the former reaction, 2 which allows us to compare the different mass distributions. The amplitudes t i→πΣ , as well as G i are calculated with the chiral unitary approach of Ref. [66] as before.
III. NUMERICAL RESULTS
In Fig. 5 , we show the Dalitz plot for the invariant masses of η c p and K − p. In the figure we can see clearly the signals for the Λ(1405) in K − p, close to the K − p threshold and in η c p for the resonance R.
In Fig. 6 we show the invariant mass distribution for
We stress once more that the K − p is only for s-wave, related to the Λ(1405) production close to threshold. We can expect , and compare with our results. Very interesting is to compare the strength and shape of πΣ production with K − p. The results for the πΣ mass distribution deserve some attention. The three distributions for π + Σ − , π 0 Σ 0 , and π − Σ + are very similar, they peak at the same energy and appear with no background. This is a consequence of the dynamics of their production. Indeed, in Eq. (1) we see that πΣ is not produced at tree level. It is only produced by rescattering as seen in Eq. (8) . This means that the Λ(1405) resonance is produced clearly without background from tree level. Second, since we saw that in the final meson-baryon states we had I = 0, this means that the πΣ is produced in I = 0 without contribution of I = 1, for instance the Σ(1385) or other I = 1 background sources. This is actually a problem in many reactions producing the Λ(1405), as photoproduction [69] or the pp → pK − πΣ reaction [70] . One good consequence of this is that the different π produced with similar strength and peaking at the same place, which does not occur when there is contribution from both I = 0 and I = 1 [71] . There is another interesting feature which is that all these distributions peak at 1420 MeV. This is a consequence of the dynamics of the Λ(1405) and the two states (two poles in the same Rieman sheet) that are associated to it [72, 73] . In these chiral pictures, corroborated by all works in chiral dynamics, 3 there are two states, one with mass around 1420 MeV, that couples strongly toKN , and the other one at around 1385 MeV that couples mostly to πΣ. The dynamics of the present reaction is such that the Λ(1405) is initially produced byKN (see Eq. (3) and Eq. (8)), hence, it is basically the Λ * state at 1420 MeV the one which is excited, and this is seen in Fig. 6 . This selection of the upper Λ * states also occur, and is supported experimentally, in other reactions where the Λ(1405) is initiated by theKN channel, as the [74, 75] or the K − d → nπΣ reactions [76, 77] . The discussion done here indicates that the present reaction, Λ 0 b → η c πΣ, is an ideal one to show in a very clean way the upper state of the two Λ(1405) states.
Finally, in Fig. 7 , we show the mass distribution of η c p. We see a strong and clear peak around the mass of the dynamically generated hidden charm resonance M R = 4265 MeV. The peak has a large strength, bigger than the K − p strength at the peak, which indicates that it should be clearly visible. This is the comparison we want to make, and not the comparison of the strengths of the peak with the background, because the background in Fig. 7 is obviously underestimated since we do not consider the excitation of other Λ * apart from the Λ(1405), which would fill the region below the peak in Fig. 7 with extra background. We should also warn that the mass of R in Refs. [3, 4] is a prediction, but one has uncertainties in the mass, tied to the choice of the subtraction constant. Uncertainties of about 20 MeV, or even more, are expected, but the stability of the strength of the peak has been studied in similar reactions producing hidden charm states [41] [42] [43] and the same should happen here. We have not cared about the absolute normalization in the work. However, there is an interesting exercise that we can do. Since η c and J/ψ are both cc states which differ only in the spin alignments, we can use heavy quark spin symmetry (HQSS) to relate the re-
Semileptonic decays have been investigated within the HQSS formalism [78, 79] . The nonleptonic decay with the internal emission topology is more complicated, because it has two quark vertices, rather than one in the semileptonic decay. We have done our own formulation of the problem, using Racah algebra and we show the derivation in the Appendix. The conclusion is that the rate of Λ 
IV. SUMMARY AND CONCLUSIONS
We have performed a study of the Λ
We identify the mechanism for the reaction at quark level and see that the K − p produced couples only to Λ * states and not Σ * states. The Cabibbo favored mechanism (up to the bcW vertex, necessary for the weak decay) produces an sud cluster in the final state that, upon hadronization, leads to K − p, π + Σ − , π 0 Σ 0 , and π − Σ + in the final state, and this interaction is basically mediated by the Λ(1405) state of high mass at 1420 MeV, such that the different πΣ channels show invariant mass distributions peaking at this energy. We emphasize that the reaction is a very clean one to produce this resonance, free of contributions from I = 1 sources.
We also take into account the η c p interaction, which is enhanced close to a dynamically generated resonance R, from theDΣ c ,DΛ c , and η c N channels, due to a relatively large coupling of the resonance to η c p, weaker than toDΣ c (the largest component) but larger than the coupling to theDΛ c channel.
Up to a global normalization constant, we can compare the strength of the reactions in the K − p mass distribution close to the K − p threshold, the strength of the π + Σ − , π 0 Σ 0 , and π − Σ + mass distributions around the peak of the upper Λ(1405) state and the strength of the η c p mass distribution at the peak of the R resonance around 4265 MeV. They all have a similar strength and should be easily identifiable.
The results shown here are predictions for ongoing experiments at LHCb, and comparison of the observed results with these predictions will be most useful to pin down the different dynamical aspects of hadron physics that we have discussed in this paper.
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Appendix
We write the operator responsible for the transition of Fig. 1 and make the HQSS approach neglecting the terms of 1/m Q (m Q , the heavy quark mass). Considering the W propagator as D W = g µν /m 2 W , we must evaluate matrix elements of the type
Making the non relativistic reduction of the γ µ and γ µ γ 5 matrices and keeping terms of order O(1) we must keep, γ 0 ∼ 1 and γ i γ 5 ∼ σ i (i = 1, 2, 3). Thus we have to evaluate the following matrix element
where S 1 and S 2 are the third components of the spins of the c,c, and M and M ′ are the third spin components of the b and s quarks, respectively.
We next write
where σ µ are the Pauli matrices in the spherical basis and using the Wigner Eckert theorem we have
The other consideration is that we have to combine particle-antiparticle in angular momentum. We then take into account that the state < J, −M |(−1)
J+M behaves like a state |JM >. Then we combine a state with S 1 and −S 2 to form |jm >, the η c or J/ψ state with j = 0 or 1, respectively. Then Eq. (10) becomes S1 (−1)
which implies in both terms M ′ = M − m, as it should be.
Next one reorders the Clebsch-Gordan coefficients to produce a Racah coefficient [80] as done in Ref. [81] and we find (−1)
with C = −2 and 2 for j = 0 and 1, respectively. In addition one has the radial matrix element
with c 1 and c 2 corresponding to the c,c quarks and b, s to the b, s quarks, while q is the momentum transfer and we have assumed that the s quark is in l = 0, as if we were producing the Λ ground state. When we produce η c K − p with K − p in S-wave, the final state K − p must be obtained from the hadronization, as shown in Fig. 2 , but since K − p in S-wave has negative parity the s quark prior to the hadronization must have negative parity because the ud quark pair is spectator and has positive parity. Then one has to have the s quark excited to l odd and we take l = 1, the lowest one, which leads to J = 1/2 that one has with K − p in S-wave. Eq. (13) 
where J is the s total spin that comes from the combination of spin and the l angular momentum of the s quark, and M ′ its third component. The radial matrix element now becomes 1 √ 4π (−1) l Y * l0 (q) r 2 drφ b (r)φ c1 (r)φ c2 (r)φ s (r)j l (qr).
The next step is to combine |jm > with |1/2, M − m > to give the initial | 
which indicates that the J/ψ production in this case would be three times bigger than for η c .
On the other hand, in the case we are concerned about, with the s quark in l = 1, we must combine |jm > with |JM ′ > to give | 
with C ′ = √ 2 for j = 0 and C ′ = − √ 6 3 for j = 1. Since |C(1 1 2 1 2 ; 0M )| 2 is independent of M , the probability to production η c K − p in S-wave is now three times bigger than for J/ψK − p.
